Glioblastoma (GBM) has a poor prognosis despite intensive treatment with surgery and chemoradiotherapy. Previous studies using dose-escalated radiotherapy have demonstrated improved survival; however, increased rates of radionecrosis have limited its use. Development of radiosensitizers could improve patient outcome. In the present study, we report the use of sodium sulfide (Na 2 S), a hydrogen sulfide (H 2 S) donor, to selectively kill GBM cells (T98G and U87) while sparing normal human cerebral microvascular endothelial cells (hCMEC/D3). Na 2 S also decreased mitochondrial respiration, increased oxidative stress and induced γH2AX foci and oxidative base damage in GBM cells. Since Na 2 S did not significantly alter T98G capacity to perform non-homologous endjoining or base excision repair, it is possible that GBM cell killing could be attributed to increased damage induction due to enhanced reactive oxygen species production. Interestingly, Na 2 S enhanced mitochondrial respiration, produced a more reducing environment and did not induce high levels of DNA damage in hCMEC/ D3. Taken together, this data suggests involvement of mitochondrial respiration in Na 2 S toxicity in GBM cells. The fact that survival of LN-18 GBM cells lacking mitochondrial DNA (ρ 0 ) was not altered by Na 2 S whereas the survival of LN-18 ρ + cells was compromised supports this conclusion. When cells were treated with Na 2 S and photon or proton radiation, GBM cell killing was enhanced, which opens the possibility of H 2 S being a radiosensitizer. Therefore, this study provides the first evidence that H 2 S donors could be used in GBM therapy to potentiate radiation-induced killing.
Introduction
Glioblastoma multiforme (GBM) is the most common malignant central nervous system (CNS) cancer in adults accounting for 55% of all gliomas [1] . It is a rapidly progressing, life-threatening disease with a median survival of 14.6 months following maximal safe surgical resection and photon radiotherapy (60 Gy in 30 fractions) with concomitant and adjuvant temozolomide (TMZ), an alkylating agent [2] . The poor survival despite intensive treatment highlights a need for novel therapy. Several clinical trials in GBM have found that dose escalation with either intensity modulated radiation therapy (IMRT) or protons increases median survival up to 21 months; however, there is an increased risk of radiation necrosis that makes the survival benefit unclear [3] [4] [5] [6] . The brain vasculature is a critical mediator of radiation necrosis. Endothelial cell apoptosis after ionizing radiation (IR) can cause blood-brain barrier disruption and leukocyte extravasation leading to tissue necrosis [7] . Radiosensitization agents may overcome this problem by allowing for the use of lower doses to achieve comparable cytotoxic effects; however, no radiosensitizers are currently approved for the treatment of GBM [8] .
Hydrogen sulfide (H 2 S) is the second leading cause of inhalational deaths and exposure to 500 ppm can be fatal [9] . However, it is now https://doi.org/10.1016/j.redox.2019.101220 Received 9 April 2019; Received in revised form 4 May 2019; Accepted 13 May 2019 understood that H 2 S is an endogenous gasotransmitter [10] . It is synthesized in most cells of the body by three different enzymes: cystathionine γ-lyase (CSE), cystathionine β-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase and cell signaling predominantly by the addition of sulfhydryl groups to proteins [11] . H 2 S is therefore involved in various physiologic processes and at low levels, protects the cardiovascular system against damage [12] . In the brain, H 2 S can act as an antioxidant. It increases cytoplasmic and mitochondrial glutathione in neurons and protects against glutamate toxicity [13, 14] . It also attenuates methionine-induced oxidative stress in brain endothelial cells [15] . The role of H 2 S in cancer biology is less clear and has been a subject of continued debate with studies citing either pro-cancer or anti-cancer effects depending on the cancer type as well as H 2 S concentration [16] . Upregulation of CBS in colon cancer promotes proliferation and angiogenesis [17] . In contrast, 3-MST is downregulated in astrocytoma and knockdown of CBS promotes GBM tumorigenesis suggesting a tumor-suppressing role of H 2 S in the brain [18, 19] . Use of H 2 S donors has also demonstrated anti-cancer effects. The slow-releasing GYY4137 selectively acidifies breast cancer and hepatocellular carcinoma cells but not breast epithelial cells or lung fibroblasts to promote cell death [20] . Several studies have also suggested H 2 S acts as a nuclear DNA damaging agent in lung fibroblasts and intestinal epithelial cells; however, this effect has not been studied in cancer [21, 22] .
To date, no studies have examined the effect of exogenous H 2 S on GBM. In the present study, we show that sodium sulfide (Na 2 S), a fastreleasing H 2 S donor, selectively kills GBM cells while sparing normal brain endothelial cells by increasing DNA damage through a ROS-dependent mechanism. Furthermore, this is the first work demonstrating that Na 2 S, and hence H 2 S, can selectively radiosensitize GBM cells in culture to photon or proton radiation. This therefore supports future studies into the development of H 2 S-releasing compounds as clinical radiosensitizers to selectively kill GBM tumor cells.
Materials and methods

Cell culture
Human T98G and U87 cells (ATCC) were cultured in EMEM medium supplemented with 10% fetal bovine serum (FBS). Human cerebral microvascular endothelial cells (hCMEC/D3) were acquired from Dr. Steven Alexander (LSU-Health Shreveport) and cultured in EndoGRO-MV (MilliporeSigma) between passages 32-37 [23] . LN18 and U87 human glioblastoma cell lines from ATCC were used to derive rho-zero (ρ 0 ) sublines by An Tan (Malaghan Institute of Medical Research, New Zealand). The ρ + and ρ 0 LN18 and U87 cell lines were obtained from Michael Berridge (Malaghan Institute of Medical Research, New Zealand) and cultured in DMEM containing 1 mM pyruvate supplemented with 10% FBS and 50 μg/mL uridine. All cells were grown at 5% CO 2 and routinely tested for mycoplasma.
PCR to detect mitochondrial DNA
Total DNA was isolated from cells using the QiaAmp DNA mini kit (Qiagen). PCR primers were obtained from Eurofins to amplify regions of DNA corresponding to β actin [Forward: d(ATCATGTTTGAGACCTT CAACA), Reverse: d(CATCTCTTGCTCGAAGTCCA)] in the nuclear genome or cytochrome b [Forward: d(CTAGCAACACTCCACCTCCTAT), Reverse: d(GTAAGCCGAGGGCGTCTTTGCTTG)] in the mitochondrial genome. PCR reactions were performed according to manufacturer's instructions with 1-2 μg total DNA, Taq DNA polymerase (Promega) and primers to amplify DNA corresponding to β actin (318 bp) or cytochrome b (123 bp) using annealing temperatures of 53°C or 57°C, respectively. PCR products were visualized following gel electrophoresis.
Hydrogen sulfide treatment
Sodium sulfide (Alfa Aesar), a fast-releasing H 2 S donor, was freshly prepared in degassed, deionized water before each treatment. Na 2 S from Alfa Aesar has high purity with minimal polysulfide contamination [24] . Cells were treated with either 476 μM Na 2 S or degassed water for 4 h at 37°C (Fig. 1A) . Cells were media changed and new Na 2 S added after 2 h due to its short half-life of 5-30 min in vitro. [25] Irradiation experiments were performed during the second 2 h incubation.
Hydrogen sulfide measurements
Free sulfide concentration was measured using HPLC [26] . Cells were treated with either degassed water or 476 μM Na 2 S for a total of 4 h (Fig. 1A) and collected in degassed stabilization buffer (SB; 100 mM Tris-HCl, 0.1 mM DTPA, 0.1% Triton X-100; pH 9.5). The protein concentration was measured using DC™ Protein Assay (Bio-Rad). Subsequent steps were performed in hypoxic conditions. The sample was incubated with 10 mM monobromobimane (MBB) for 30 min. The reaction was stopped with 200 mM 5-sulfosalicylic acid and the sample analyzed by RP-HPLC. Data is expressed as nmol of free sulfide/mg of protein.
Photon and proton irradiation
Cell cultures were individually irradiated with either proton or photon modalities to physical doses of 2 Gy, 4 Gy, 6 Gy or 10 Gy. For each modality and container geometry, a computed tomography (CT) radiotherapy treatment simulation was performed using a "blank" container. In each case, the simulation was analogous to that of an actual human patient, i.e. the CT imaging parameters were appropriate for dose calculation and the container was aligned using optical lasers to a setup position that was easily reproduced on the radiotherapy machines. For each simulation and subsequent radiation delivery, containers were sandwiched between slabs of radiotherapy-quality water-equivalent plastic to provide appropriate levels of radiation buildup and backscatter. These conditions were necessary for accurate dose calculation and to generate dose distributions that were robust to minor setup errors during radiation delivery. The CT simulation images of the containers were then imported into the RayStation™ treatment planning system (RaySearch Laboratories, Inc.; Stockholm, Sweden) and contoured as necessary (outer boundary, targets, etc.). Treatment plans were then generated for each modality and dose level. In all cases, a single, static beam (oriented above and perpendicular to the cell container) was utilized to deliver the desired dose. Targets were contoured in such a manner that minor setup errors would not affect the dose delivery. Photon irradiations were performed using a 6 MV beam energy on an Elekta VersaHD™ (Elekta, Inc.; Stockholm, Sweden) conventional radiotherapy linear accelerator. Proton irradiations were performed using an energy range of 72 MeV-131 MeV on an Ion Beam Applications (IBA) ProteusONE™ (IBA SA, Louvain-La-Neuve, Belgium) proton therapy gantry. The range of proton energies was necessary due to the pencil beam scanning delivery technique of the machine, which deposits dose at different depths by modulating proton energy.
Clonogenic assay and DEF calculation
Cells were seeded in cell culture flasks for 4 h before treatment with degassed water or Na 2 S. For experiments where cells were also treated with ionizing radiation (IR), cells were exposed to 0-10 Gy during the second Na 2 S treatment (Fig. 1A) . Cells were then incubated for a defined period of time to allow formation of colonies with > 50 cells . The relative biological effectiveness at 10% survival (RBE 10 , where D 10 is the treatment dose that produces 10% surviving fraction.
γH2AX staining
γH2AX foci were stained using immunohistochemistry. Briefly, cells were cultured on glass coverslips and grown to confluency. Following treatment with Na 2 S ± IR (Fig. 1A) , cells were either immediately fixed in 4% paraformaldehyde or were incubated 2-24 h prior to fixing. Cells were then lysed, and blocked with 5% normal goat serum. Cells were incubated overnight at 4°C in anti-γH2AX antibody (MilliporeSigma, 1:2000), stained with anti-mouse IgG Alexa Fluor 488 secondary antibody (Invitrogen, 1:500) for 1 h, and DAPI (Biotium, 1 μg/mL). Images were taken using a Nikon Eclipse Ti or Olympus BX43 microscope. The number of foci in 50 cells was counted in each of 3 independent experiments using JCountPro and the data pooled to determine the average number of foci per cell [27] .
Alkaline comet assay
The FPG-modified alkaline comet assay was performed as previously described, with modification [28] . Following treatment with Na 2 S ± IR (Fig. 1A) , samples of cells were divided in two and embedded in 6% low-melting point agarose, solidified on agarose coated slides, and incubated in lysis buffer (100 mM EDTA, 2.5 M NaCl, 10 mM Tris-HCl, 1% Triton-X; pH 10) overnight at 4°C. Slides were equilibrated in enzyme reaction buffer (40 mM HEPES, 0.1 M KCl, 0,6 mM EDTA, 0.2 mg/mL BSA; pH 8). To detect oxidative base damage, one slide of each sample remained in only enzyme reaction buffer, while the second was treated with 8 U/mL of formamidopyrimidine [fapy]-DNA glycosylase (FPG, New England Biolabs). Both slides were incubated for 30 min at 37°C. Slides were equilibrated and subjected to electrophoresis in alkaline buffer (0.3 M NaOH, 1 mM EDTA) for 20 min at 30 V and 300 mA. DNA was recondensed in neutralization buffer (0.4 M Tris-HCl, pH 7.5) for 20 min, dried overnight, and stained with propidium iodide (1 μg/mL). Comets were imaged using a Nikon Eclipse Ti and 15X objective. The tail moment was calculated from the tail length and staining intensity of the head and tail using OpenComet (ImageJ) [29] . Approximately 50 cells were analyzed for each of three independent experiments and the average tail moment calculated.
Quantification of glutathione
Cellular glutathione concentration was measured using high performance liquid chromatography (HPLC) as previously described, with modification [30] . Cells were treated with either degassed water or 476 μM Na 2 S (Fig. 1A ) and collected immediately after treatment in 5% TCA. Samples were subjected to centrifugation and the cell pellet was dissolved in 1 M NaOH prior to the total amount of protein being measured using DC™ Protein Assay (Bio-Rad). The supernatant was derivatized with 80 mM iodoacetic acid (pH adjusted to 7-8) and 6% Sanger's dinitrofluorobenzene (pH adjusted to 7). Samples were filtered and applied to a 250 × 4.6-mm Alltech Lichrosorb NH 2 10 μm anionexchange column to separate reduced (GSH) and oxidized (GSSG) glutathione. The GSH and GSSG per mg protein was calculated.
ROS assay
CM-H 2 DCFDA (Molecular Probes) was used to measure general ROS with or without treatment with 2.5 mM TEMPOL (Enzo Life Sciences). Equal number of cells were seeded into 96 well plates one day prior to treatment. Cells were pre-treated with TEMPOL for 1 h and then 476 μM Na 2 S or degassed water was also added to the cells. After 2 h, the media was replaced and cells were treated again with only 476 μM Na 2 S or degassed water for 2 h. Cells were then incubated with 2 μM CM-H 2 DCFDA for 20 min at 37°C and washed with PBS. Fluorescent intensity was measured at 485 nm excitation and 520 nm emission and normalized to the degassed water control to calculate relative fluorescent intensity.
Mitochondrial oxygen consumption
Determination of oxygen consumption rate (OCR) was performed as previously described, with modification [31] . 80,000 cells were seeded onto Seahorse Bioscience XF24 microplates and treated the following morning with either degassed water or 476 μM Na 2 S for a total of 4 h (Fig. 1A) . OCR was measured using a Seahorse Bioscience XF24 Extracellular Flux Analyzer. Cells were cultured in DMEM containing 4 mM glutamine (Gibco) and supplemented with 50 mM glucose and 2 mM sodium pyruvate for basal measurements then treated with oligomycin (1 μM), FCCP (1 μM), and rotenone/antimycin A (0.5 μM) to measure OCR. The spare capacity was calculated as the FCCP OCR minus the basal OCR. After OCR measurements, attached cells were dissolved in 0.1 N NaOH for protein analysis with Pierce BCA Protein Assay (ThermoScientific). The OCR was calculated and is expressed as pmol of oxygen consumed per minute per mg protein.
Mitochondrial complex I and III activity
T98G and hCMEC/D3 cells were treated with either degassed water or 476 μM Na 2 S for a total of 4 h (Fig. 1A) . Cell lysates were prepared in 20 mM hypotonic potassium phosphate buffer (pH 7.5) by freezing in liquid nitrogen and thawing at 37°C three times. The protein concentration was measured using DC™ Protein Assay (Bio-Rad). Complex I and III activity was measured in the cell lysates according to Spinazzi, M et al. [32] Complex I activity was measured as the rotenone-sensitive oxidation of NADH at 340 nm in 50 μg of protein. Complex III activity was measured as the antimycin A-sensitive oxidation of cytochrome c at 550 nm in 20 μg of protein. Activities are expressed as nmol conversion of NADH to NAD/min/mg protein for complex I and nmol reduction of oxidized cytochrome c/min/mg for complex III.
DNA repair assays
Non-homologous end-joining (NHEJ) and base excision repair (BER) capacity were assessed using plasmid reporter assays. For NHEJ, the NHEJ-I vector [33] was obtained from Vera Gorbunova (University of Rochester, NY). The NHEJ-I vector was linearized with I-SceI and subjected to electrophoresis prior to purification using the Qiagen Gel Extraction Kit (Qiagen).
For BER, 8-oxoguanine (8-oxoG) was incorporated into the transcribed strand of the DNA sequence encoding the mOrange reporter [34] . By-pass of the 8-oxoG during transcription results in insertion of a C or an A. Only incorporation of an A results in transcript that encodes active mOrange reporter. Repair of 8-oxoG produces transcript with a C that produces inactive mOrange, resulting in decreased mOrange expression.
T98G cells were pre-treated with water or 476 μM Na 2 S for 2 h. Cells were removed from the dish and transfected using solution V, program O16 and the AMAXA Nucleofector (LONZA). At least two transfections for each type of vector and treatment were carried out in each experiment, and triplicate experiments were performed. 
Statistical analysis
All experiments were repeated three independent times and data are presented as mean ± standard deviation (SD) unless otherwise indicated. Student's t-test was used for comparison between two groups. One way analysis of variance (ANOVA) with Tukey's post-hoc analysis was used for comparison of > 2 groups. All statistical and regression analyses were performed in GraphPad Prism (GraphPad Software Inc.). Regression coefficients were compared using one-way ANOVA. A pvalue less than 0.05 was considered statistically significant.
Results
Sodium sulfide selectively kills GBM cells
Studies on the role of H 2 S in cancer have yielded conflicting results with disparate studies claiming pro-cancer and anti-cancer effects. Published studies indicate that H 2 S may be detrimental for GBM. Knockdown of cystathionine beta synthase (CBS), the major H 2 S synthesis enzyme in the brain, increases tumor growth in a mouse xenograft model of GBM [19] . To determine whether H 2 S is able to kill GBM cells, T98G and U87 cells were treated with Na 2 S, a fast-releasing H 2 S donor. A dose dependent reduction in colony formation was measured for T98G and U87 cells treated with Na 2 S (Fig. 1B) . 476 μM Na 2 S resulted in approximately 40% cell killing and was the dose chosen for subsequent experiments. Free sulfide levels in cells were elevated after the 4 h 476 μM Na 2 S treatment (Fig. 1C) despite the 5-30 min in vitro half-life of Na 2 S [25] . Since endothelial cells are important players in GBM treatment-associated toxicity [7] and are expected to be exposed to any adjuvant treatment, the cytotoxicity of 476 μM Na 2 S was assessed for cerebral microvascular endothelial cells (hCMEC/D3). Interestingly, treatment with 476 μM Na 2 S did not decrease hCMEC/D3 survival (Fig. 1D ) even though free sulfide levels were elevated in the cells (Fig. 1C) .
Sodium sulfide induces DNA damage in GBM
A limited number of studies have suggested H 2 S can act as a genotoxic agent [21, 35] . Increased DNA damage can promote cell death and may contribute to Na 2 S GBM cell toxicity. To determine if Na 2 S is a genotoxic agent in GBM, DNA damage was quantified using γH2AX immuno-staining. While γH2AX foci are generally suggestive of double strand breaks (DSBs), γH2AX can also increase following other forms of DNA damage [36] . Therefore an increase in γH2AX is an indicator of an increase in DNA damage and possibly DSBs. Treatment with 476 μM Na 2 S increased the number of γH2AX foci per cell in T98G and U87 cells with no significant effect in hCMEC/D3 ( Fig. 2A and B) .
Oxidative base lesions are the most prevalent type of DNA damage in cells with 8-oxoguanine (8-oxoG) being the most common [37] . Previous studies suggest H 2 S can induce radical-associated DNA damage in naked nuclei [38] ; however, no published study has examined this in cells with functional antioxidant pathways. The FPGmodified alkaline comet assay was used to assess oxidative base damage, specifically 8-oxoG and formamidopyrimidines. Na 2 S increased oxidative base damage in T98G and U87 cells, and to a lesser degree in hCMEC/D3 cells (Fig. 3) . This assay detects single strand breaks (SSB) and alkali-labile sites when the cells are not treated with FPG. T98G cells also had a significant increase in SSB following treatment with Na 2 S (Fig. 3B). 
Sodium sulfide does not inhibit NHEJ or BER repair
An increase in DNA damage can result from either an induction of damage or a decrease in repair. To determine whether Na 2 S inhibits DNA repair, we used DNA repair reporter plasmids to assess NHEJ, the major pathway for DSB repair, and 8-oxoguanine glycosylase (OGG1)-mediated BER in T98G cells. For NHEJ, the NHEJ-I vector [33] was linearized with I-SceI, which removes an adenoviral exon that disrupts the GFP coding region. Active GFP is only produced if the I-SceI DSB is repaired in the cells by NHEJ. GFP-expression was measured at 24 and 48 h and no significant difference was found between treated and untreated cells (Fig. 4A) .
For BER, 8-oxoguanine (8-oxoG) was incorporated into the transcribed strand of the DNA sequence encoding the mOrange reporter [34] . Only incorporation of an A in the transcript during by-pass of the 8-oxoG produces active mOrange reporter. A decrease in BER prevents removal of 8-oxoG and results in an increase in mOrange expression. Initial experiments examined expression at ∼6, 17 and 40 h posttransfection of the T98G cells. The optimal mOrange expression was after 17 h. Triplicate experiments were performed measuring mOrange expression at 17 h post-transfection but no significant difference was found between treated and untreated cells (Fig. 4B) .
Sodium sulfide increases oxidative stress in GBM
Excess ROS can increase oxidative DNA damage. Glutathione is an important cellular antioxidant that maintains redox balance and a lower GSH:GSSG ratio is an indicator of oxidative burden. T98G and U87 cells treated with Na 2 S had higher GSSG levels and lower GSH:GSSG ratio compared to untreated cells (Fig. 5A) . Strikingly, Na 2 S had the reverse effect in hCMEC/D3: an increase in the GSH level was measured in treated cells that resulted in a higher GSH:GSSG ratio. An increase in total ROS in GBM cells was also measured using the redoxsensitive fluorescent probe, CM-H 2 DCFDA. This increase was attenuated by treatment with 2.5 μM TEMPOL (Fig. 5B) .
Sodium sulfide has differential effects on mitochondrial function
The mitochondria are a major source of cellular ROS and complex I and III of the electron transport chain (ETC) are implicated in ROS production [39] . Electron leak at these complexes can result in one electron reductions of oxygen into superoxide (O 2
•-) and the probability of electron leak increases with decreased mitochondrial respiration [40] . T98G and U87 cells treated with Na 2 S had significantly lower basal OCR than untreated cells, while Na 2 S increased basal OCR in hCMEC/D3 (Fig. 6A and B) . Na 2 S had no effect on spare capacity, which is defined as the FCCP OCR minus the basal OCR (Fig. 6C) . To determine whether Na 2 S impairs complex I or III in Na 2 S-treated cells, complex I and III activities were measured in cell lysates from T98G and hCMEC/D3 cells treated with degassed water or Na 2 S. Na 2 S significantly decreased complex III but not complex I activity in T98G cells and had no effect on these activities in hCMEC/D3 (Fig. 6D and E) .
Sodium sulfide sensitivity in GBM is dependent on a functional electron transport chain
Thirteen components of the ETC are encoded by mitochondrial DNA (mtDNA) [41] . Rho zero (ρ (Fig. 7A ). U87 ρ 0 cells did not form colonies and could not be used for the clonogenic assay. However, in agreement with data from the T98G and U87 cells, LN18 ρ+ cells were sensitive to Na 2 S and 476 μM Na 2 S reduced survival by 30% (Fig. 7B ). Na 2 S had no significant effect on LN18 ρ 0 cell survival even at the higher dose of 909 μM Na 2 S, which reduced survival of the LN18 ρ+ cells by over 40%.
Sodium sulfide sensitizes GBM to ionizing radiation
Photon and proton ionizing radiation (IR) damages DNA to kill cells. Since Na 2 S induces DNA damage in T98G and U87 cells, 476 μM Na 2 S was investigated for its efficacy as a radiosensitizer. T98G cells were Fig. 1 . Sodium sulfide is cytotoxic to GBM but not human cerebral microvascular endothelial cells. Cells were treated with Na 2 S for 4 h with media change and replacement at 2 h (A). The dose response of T98G and U87 cells to Na 2 S was determined using clonogenic survival. The dashed green line indicates the position of Surviving Fraction = 1 on the graph. Data was analyzed using a one-way ANOVA with Tukey's post-hoc analysis (B). Free sulfide levels were measured after the 4 h treatment with 476 μM Na 2 S using HPLC. Data was analyzed using a Student's ttest comparing 0 and 476 μM for each cell line (C). The effect of 476 μM Na 2 S on hCMEC/D3 was also determined using clonogenic survival. Data was analyzed using a Student's t-test comparing 0 and 476 μM (D). All data are from 3 independent experiments. Error bars represent SD and * represents P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Fig. 2. Sodium sulfide induces DNA double-strand break formation in GBM.
Representative images of γH2AX foci following treatment with 476 μM Na 2 S or degassed water for 4 h are shown (A). The number of foci per cell was quantified with JCount Pro using the same parameters for all cell types and replicates (B). Analysis was performed on 150 cells pooled from 3 independent experiments and error bars represent standard error of the mean (SEM). * represents P < 0.05 using a Student's t-test. irradiated at 0-10 Gy using photons and protons in the presence or absence of Na 2 S and the data fitted to a linear quadratic model to calculate the RBE 10 and DEF 10 . T98G cells had a proton RBE 10 of 1.2, which is in close agreement with clinically accepted values [42] . Na 2 S had a DEF 10 of 1.34 for both photons and protons at 10% survival ( Fig. 8A and Table 1 ). Na 2 S did not sensitize hCMEC/D3 to photons or protons at a clinically relevant dose of 2 Gy (Fig. 8B) . The α or β parameters for the LQ were compared for the IR survival curves with and without Na 2 S using one-way ANOVA and the P values for the α (P α ) or β (P β ) parameters were < 0.05, respectively, for both photons and protons (Table 1) .
DNA damage induction by ionizing radiation and sodium sulfide
To examine how the combination treatment altered the induction of DNA damage, the comet assay was performed and γH2AX foci/cell were measured (Fig. 9) . Na 2 S tended to increase oxidative base damage following IR as assessed by the comet assay; however, it was not statistically significant (Fig. 9A) .
Data from the measurement of γH2AX foci/cell at each time point were compared using a one-way ANOVA. As expected, both photons and protons induced γH2AX foci in T98G cells and levels were elevated after IR at 0 and 2 h compared to 0 Gy (P < 0.05 Fig. 9B and C) . Fig. 3 . Sodium sulfide increases oxidative DNA base damage. The alkaline comet assay with FPG treatment was used to detect oxidative base damage following 0 or 476 μM Na 2 S treatment for 4 h (A) and the tail moment was measured using OpenComet (B). Analysis was performed on 3 independent experiments with at least 50 cells in each experiment. Error bars represent SD and * represents P < 0.05 using a Student's t-test. Treatment with 476 μM Na 2 S further increased γH2AX foci/cell immediately following proton but not photon radiation (P < 0.05 Fig. 9B ). After 2 h of repair (Fig. 9C ), a statistical difference was found between the Na 2 S-treated and untreated cells at all IR doses, but by 24 h the only difference was between the Na 2 S-treated and untreated cells irradiated with 2 Gy protons. This suggests that less repair occurred of the DNA damage induced by Na 2 S and protons compared to protons or photons alone, or Na 2 S and photons. A two-way ANOVA with Tukey's post-hoc test was also used to analyze γH2AX foci/cell data for each treatment group at 0, 2 and 24 h to assess DNA repair over time. Without Na 2 S treatment, the γH2AX foci/cell induced by photons were significantly different between all the time points, indicating that repair was occurring between 0-24 h. However, for protons alone there was no significant difference for the number of γH2AX foci/cell between 0 and 2 h, but a significant difference was found for 0 and 24 h, and 2 and 24 h (P < 0.05). This indicates that repair occurred between 2 and 24 h, which is slower than photon damage. Addition of Na 2 S to either photons or protons resulted in no significant difference for the number of γH2AX foci/cell between 0 and 2 h, but a significant difference was found for 0 and 24 h, and 2 and 24 h (P < 0.05).
In summary for the γH2AX foci/cell, repair was detected for photoninduced damage from 0 to 24 h, and the analyses suggest that the addition of the Na 2 S inhibited/slowed repair in the first 2 h. Repair of proton or proton and Na 2 S-induced damage occurred at 2-24 h, but at 24 h there was still a higher level of γH2AX foci/cell in Na 2 S and proton-treated cells versus proton-treated cells (Fig. 9D ). This suggests that repair of the damage induced by the combination treatment was slower and hence this damage may be more difficult to repair. An increase in oxidative base damage and DSBs increases the probability of formation of complex clustered lesions, which can be difficult to repair [43] . It is possible that addition of Na 2 S to IR increases the complexity Fig. 5 . Sodium sulfide increases oxidative stress and ROS formation in GBM. GSH and GSSG levels were measured using HPLC to calculate the GSH: GSSG ratio after 4 h of treatment with 0 or 476 μM Na 2 S (A). ROS was measured using CM-H 2 DCFDA. Cells were pretreated with TEMPOL for 1 h and then 476 μM Na 2 S or degassed water was also added to the cells. New media with only 476 μM Na 2 S or degassed water was added to the cells after 2 h. Data are expressed as a fold change relative to respective controls. N = 3 for U87, N = 4 for T98G and hCMEC/D3 cells (B). Error bars represent SD and * represents P < 0.05 using a paired Student's t-test. Fig. 6 . Sodium sulfide alters mitochondrial function and inhibits complex III activity. Oxygen consumption rate (OCR) was measured in cells treated with 476 μM Na 2 S or degassed water for 4 h using a Seahorse Bioscience XF24 Extracellular Flux Analyzer (A). Basal respiration is the OCR prior to addition of oligomycin (B). The spare capacity was calculated as the FCCP OCR minus the basal OCR (C). Complex I activity was measured as the rotenone-sensitive oxidation of NADH at 340 nm in cell lysate (D). Complex III activity was measured as the antimycin A-sensitive oxidation of cytochrome c at 550 nm in cell lysate (E). All data are from 3 independent experiments. Error bars represent SD and * represents P < 0.05 using a Student's t-test. Refer to the web version for easier identification of cell lines in Figure 6A . Fig. 7 . GBM sensitivity to sodium sulfide is dependent on the electron transport chain. U87 and LN-18 ρ 0 were confirmed by PCR using mitochondria specific cytochrome b primers and β-actin as a control (A). Survival of LN18 ρ + and ρ 0 following treatment with Na 2 S or degassed water for 4 h was determined using clonogenic assay (B). U87 ρ 0 cells did not form colonies. All data are from 3 independent experiments. Error bars represent SD and * represents P < 0.05 using a one-way ANOVA with Tukey's post-hoc analysis. Fig. 8 . Sodium sulfide selectively radiosensitizes GBM to ionizing radiation. T98G cells were treated with 476 μM Na 2 S or degassed water for a total of 4 h and irradiated during the 4 th hr of Na 2 S treatment.
Surviving fraction at each radiation dose was normalized to their respective controls to account for Na 2 S induced killing (A). Data were curve fit to the linear quadratic (LQ) equation to calculate RBE 10 and DEF 10 at 10% surviving fraction (SF 10 ). Protons had an RBE 10 = 1.2. Photons and protons had a DEF 10 = 1.34. hCMEC/D3 cells were similarly irradiated using a clinically relevant dose of 2 Gy (B) and data analyzed by two-way ANOVA with Tukey's posthoc for multiple comparison.
Table 1
Type of IR LQ (0 μM Na 2 S) LQ (476 μM Na 2 S) P α P β SF 10 (0 μM Na 2 S) SF 10 (476 μM Na 2 S) DEF 10 LQ is the equation for the surviving fraction obtained by fitting the survival data to the linear quadratic equation. The α or β parameters for the LQ were compared for the IR survival curves with and without Na 2 S using one-way ANOVA to obtain the p values for the α (P α ) or β (P β ) parameters, respectively. SF 10 is the IR dose that reduced survival by 90%. DEF 10 is the Dose Enhancement Factor at 10% survival and is calculated as follows. = DEF SF µM Na S SF µM Na S 10 10 0 2 10 476 2 of the damage induced.
Photon
Discussion
H 2 S is the third identified endogenous gasotransmitter. It is involved in physiologic processes such as vasodilation, inflammation, and neuromodulation [44] [45] [46] . Altered H 2 S metabolism has been identified in cancers including colon, breast, and GBM [16] . Since endogenously synthesized H 2 S has a tumor suppressing role in GBM and other brain cancers [18, 19] , the effect of exogenous H 2 S on GBM cells was tested. For the first time, the fast-releasing H 2 S donor, Na 2 S, was shown to selectively kill and radiosensitize GBM cells to IR by a mechanism requiring mitochondria and involving ROS and DNA damage.
In this study, Na 2 S exhibited a concentration dependent cytotoxic effect on GBM cells at doses below industry established lethal levels (476 μM Na 2 S; 37 ppm H 2 S), but at supraphysiologic levels since free sulfide concentrations vary between 20 nM to several micromolar in tissue [47] . This dose had no effect on cerebral microvascular cell survival, which is in agreement with published work demonstrating doses up to 1 mM Na 2 S are not cytotoxic to human umbilical vein endothelial cells (HUVEC) [49] . Although the effect of Na 2 S on neurons or astrocytes was not examined here, others have shown H 2 S as an antioxidant in the brain [14, 50, 51] .
In contrast to H 2 S role as a cytoprotectant, several studies have shown H 2 S to be a genotoxic agent. H 2 S increases micronuclei formation in lung fibroblasts [21] , generates FPG-sensitive lesions in naked nuclei [38] , and increases SSBs in supercoiled plasmid under physiologically relevant conditions by a hydrogen peroxide dependent mechanism [52] . This latter study suggests H 2 S can produce ROS by chemical reactions independent of cellular mechanisms. Our work demonstrating the induction of γH2AX foci and oxidative base damage by Na 2 S in GBM cells with intact antioxidant protection mechanisms is in line with published work.
An increase in DNA damage can be due to induction of damage or inhibition of repair. H 2 S has been shown to alter DNA damage and repair signaling via ATR [53] and can also modulate DNA repair protein activity via post-translational sulfhydration [54, 55] . However, we did not observe any differences in NHEJ or OGG1-mediated BER suggesting Na 2 S is inducing DNA damage. ROS is implicated in this DNA damage induction in T98G and U87 cells as Na 2 S decreased the GSH:GSSG ratio and increased CM-H 2 DCFDA fluorescence. Interestingly, Na 2 S induced a lower level of DNA damage in hCMEC/D3 cells and did not induce CM-H 2 DCFDA detectable ROS. This could be explained by the Na 2 S treatment increasing GSH levels in hCMEC/D3 cells, which protects the cells from ROS. Other studies have shown H 2 S to be protective against oxidative stress in endothelial cells [15, 52] . Because the increased ROS in GBM cells was attenuated by TEMPOL, a superoxide dismutase mimetic, it is possible that Na 2 S promotes superoxide production in GBM cells.
Mitochondria are a major source of superoxide and ROS [40] . Superoxide is generated in the mitochondria by electrons that escape the ETC and reduce molecular oxygen. The probability of electron leak increases with electron occupancy time or impaired mitochondrial respiration [39, 40] . Conversely, increased mitochondrial respiration may decrease superoxide formation. H 2 S is a known modulator of mitochondrial activity. At low concentrations, it donates electrons to the ETC while higher concentrations inhibit complex IV [56] . Therefore, mitochondrial stimulation of basal respiration by Na 2 S in hCMEC/D3 may be due to electron donation.
Complex I and III are the main generators of mitochondrial ROS [40] , but complex I activity was not altered by Na 2 S in GBM cells; only complex III activity was diminished. H 2 S has a modest reducing potential with a two-electron redox potential of 0.17 V at pH 7 [57] . Inhibition of complex IV by H 2 S involves reduction of ferric (Fe 3+ ) heme a 3 to ferrous (Fe 2+) heme a 3 [58] . Interestingly, complex III has a mobile Rieske protein with a unique FeS cluster where one Fe is stabilized by histidines instead of cysteines thus giving it a higher midpoint potential (E m = ∼300 mV) that is comparable to cytochrome a 3 in complex IV (E m = ∼220 mV) [59, 60] . Complex I also contains Fe-S clusters; however, their negative midpoint potentials make them more resistant to reduction by H 2 S [61] . Upon reduction by ubiquinol, the Rieske protein in complex III transiently moves from heme b L to the "c 1 -position" to facilitate electron transfer to cytochrome c 1 . Impaired oxidation of the Rieske protein as well as maintenance of the Rieske protein away from heme b L promotes ROS production in Rhodobacter capsulatus [62] . It is possible that H 2 S reduces complex III activity in GBM cells since it has critical iron containing subunits with appropriate midpoint potentials. Therefore, ROS generation in GBM cells is likely . For all experiments, * represents P < 0.05. Each time point was compared using a one-way ANOVA with Tukey's post-hoc analysis but only differences between 0 and 476 μM Na 2 S at each IR dose are indicated for simplicity. See text for explanation of the whole analysis.
due to complex III inhibition. To our knowledge, this is the first report of H 2 S-mediated complex III inhibition. Inhibition of complex III by Na 2 S could increase production of superoxide that is subsequently reduced to H 2 O 2 and hydroxyl radicals that damage DNA and promote GBM cell death. To support this, GBM cells without functional ETC (LN-18 ρ 0 cells) are protected from Na 2 S cytotoxicity.
The contrasting effects of H 2 S on ROS production, DNA damage, and cell death in GBM and normal brain endothelial cells highlight fundamental differences between cancer and normal cells. Cancer cells preferentially use aerobic glycolysis over oxidative phosphorylation for ATP production [63] . In the present study, complex I and III activity were lower in hCMEC/D3 compared to T98G cells. While this appears contradictory to OCR results where GBM cells had a lower OCR, this difference may be accounted for by inefficient transport of electrons to complex IV where oxygen is reduced and ETC dysfunction in GBM cells consistent with the Warburg effect. The Warburg effect, confers a competitive growth advantage to cancer cells by not only providing energy but also maintaining redox balance and conserving carbons for anabolic metabolism. Specifically, cancer cells have elevated NADPH from the pentose phosphate pathway. NADPH is a critical cofactor in the reduction of GSSG into GSH and oxidized thioredoxin (TRX) to reduced TRX [64] . In fact, we observed higher GSH levels in GBM cells compared to hCMEC/D3. These antioxidants reduce excess reactive oxygen species (ROS) produced by cancer cells and maintain an intermediate level of ROS that allow for normal proliferative signaling as well as tumorigenesis [65] . ROS-directed therapies selectively disrupt redox homeostasis in cancer cells by pushing already-elevated, tumor promoting oxidative stress to even higher, tumor suppressing levels with minimal effect on normal cells with comparatively lower oxidative burden [66] . H 2 S may be acting similarly to selectively promote oxidative stress and cell death in GBM.
Several GBM clinical trials have shown increased survival following dose-escalated radiation therapy; however, increased risk of radiation necrosis makes the survival benefit unclear [3] [4] [5] [6] . Radiosensitizers could increase the gap in radiation response between cancer and normal tissue to reduce radiation necrosis. In this study, Na 2 S radiosensitized T98G cells (DEF 10 = 1.34) to both photons and protons likely by enhancing DSBs and oxidative base damage. A dose enhancing factor of 1.34 could significantly affect tumor treatment. An example of an approved and much used radiosensitizer is cisplatin, which is a chemotherapy used in combination with radiation as the standard of care for the treatment of a number of cancers. Cisplatin has a DEF = 1.14 in breast cancer cells [67] and a DEF = 1.4 in squamous cell carcinoma [68] .
IR is a DNA damaging agent capable of generating multiple DNA lesions in close proximity (1-2 helical turns) [69] . These clustered lesions are difficult to repair [70, 71] and more prevalent following charged particle radiation such as protons [69] . γH2AX foci formed by protons in conjunction with Na 2 S were more persistent than foci formed by radiation alone. There was also a significant increase in γH2AX foci/ cell between Na 2 S and photon compared to photon alone at the 2 h timepoint. This suggests Na 2 S may be increasing DNA lesion complexity. Oxidative lesions can occur near DSBs, increasing lesion complexity, and delaying repair that ultimately promotes cell death. Also, repair of closely opposed oxidative base lesions can form DSBs during BER initiation, which may increase γH2AX foci formation at later timepoints [72, 73] . This increase in lesion complexity cannot be detected using NHEJ or BER reporter plasmids which only examine repair of the single lesion present in the plasmid. Finally, Na 2 S did not synergize with 2 Gy IR in hCMEC/D3. This could be explained by the finding that Na 2 S alone did not induce high levels of DNA damage in these cells. This is a critical consideration in radiation therapy since brain endothelial cells are a key player in white matter necrosis [7] .
In summary, we show that Na 2 S selectively kills GBM cells in culture by inhibiting mitochondrial function, promoting ROS formation, and radiosensitizing GBM cells to both photon and proton therapy. As a CNS targeted drug, H 2 S has several pharmacologically favorable properties. As a gas, it is freely diffusible across the blood brain barrier. Furthermore, inhalation of H 2 S gas immediately prior to radiation could rapidly increase its concentration in the brain and promote its use as a radiosensitizer. There are also other sulfide donors with different kinetics (GYY4137), subcellular targeting (AP39), and release mechanisms (DATS) that may potentiate anti-cancer effects [25] . Ideal anti-cancer compounds should also preferentially kill tumor cells and spare normal cells. While the mechanism behind the differential effect of Na 2 S in cancer versus normal cells remains unclear, H 2 S may be leveraging a fundamental difference in cancer mitochondria resulting from the Warburg effect to increase ROS beyond tolerable levels. It is important to mention that H 2 S may have tumorigenic effects at lower concentrations [16] . While 5 μM and 10 μM of Na 2 S had no effect on GBM cell survival, we did not examine the effect of lower concentrations on DNA damage and mitochondrial function and this is a limitation of the present study. Future studies are needed to better understand the divergent effects of H 2 S in GBM versus normal tissue as well as determine the optimal donor, concentration, and its efficacy in vivo.
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